As one-dimensional (1D) nanofiber, carbon nanotubes (CNTs) have been widely used to improve the performance of nanocomposites due to their high strength, small dimensions, and remarkable physical properties. Progress in the field of CNTs presents a potential opportunity to enhance cementitious composites at the nanoscale. In this review, current research activities and key advances on multiwalled carbon nanotubes (MWCNTs) reinforced cementitious composites are summarized, including the effect of MWCNTs on modulus of elasticity, porosity, fracture, and mechanical and microstructure properties of cement-based composites. The issues about the improvement mechanisms, MWCNTs dispersion methods, and the major factors affecting the mechanical properties of composites are discussed. In addition, large-scale production methods of MWCNTs and the effects of CNTs on environment and health are also summarized.
Introduction
Concrete has been widely used in the field of civil engineering, and it has been reported that 3.3 billion tonnes of cement was produced worldwide in 2010 [1] . Generally, the main disadvantage of traditional cement-based materials is low tensile strength and being easy to crack, which seriously affects the strength, durability, and safety of concrete structures [2, 3] . According to previous studies, the tensile strength of plain concrete lies in the range of 2-8 MPa [4] . Therefore, many kinds of fibers were used to improve the toughness of cement-based materials by delaying the transformation of cracks. These fibers increased tensile strength and diffused large cracks into a dense of macrocracks, but there was little effect in delaying microcrack initiation [5] [6] [7] [8] [9] .
With the development of nanotechnology, concrete can be modified by the incorporation of nanosized additives to improve material behavior and add some special properties [10] . For example, as zero-dimensional (0D) nanomaterials, nanoparticles can act as nuclei for cement hydration and densify the microstructure of hydration products due to their high reactivity. Although the ultimate strength of nanocomposite is improved by these nanoparticles, they offer little resistance to microcrack propagation [11] [12] [13] . As one-dimensional (1D) fiber [14] , the research on mechanical, chemical, electrical, and other properties of CNTs has acquired remarkable advances. The CNTs consist of one or up to dozens of graphitic shells seamlessly wrapped into a cylindrical tube; thus, it can be divided into two groups: multiwalled carbon nanotubes (MWCNTs) and single-walled carbon nanotubes (SWCNTs) [15, 16] . Van der Waals force holds sheets of hexagonal networks parallel with each other with a spacing of 0.34 nm, and the diameters of CNTs are between 2 and 100 nanometers [17] . Figure 1 shows TEM images of homogeneous nanotubes of hexagonal network.
The strength, toughness, and specific surface area of CNTs are far superior to those of traditional fibers that may improve the toughness of cementitious materials at nanoscale [17] [18] [19] [20] . Research achievements indicate that CNTs have provided exciting opportunity to improve the performance of cementbased materials [1, 10, [21] [22] [23] [24] [25] . However, SWCNTs are rarely used to reinforce cement-based materials due to their high price. So this paper mainly reviews the developments in the field of MWCNTs research in cement-based materials, along with their key findings and applications. Meanwhile, the properties of the fresh and hardened nanocomposites including microstructure, dispersion, workability, and mechanical properties are also discussed. 
Properties of CNTs

Mechanical Properties.
Microfibers, such as carbon and steel fibers, are widely used in the construction industry owing to their high elastic modulus and tensile strength, and the material properties of typical fibers are summarized in Table 1 . It can be concluded that CNTs possess superior tensile strength and elastic modulus when compared to traditional fibers. The strength of fiber-reinforced composites is greatly affected by fiber aspect ratio, which is expected to be more than 20. The aspect ratio of CNTs ranges from 1000 to 10000, which make it an ideal choice as a fiber-reinforced material. CNTs also have very high strength, toughness, and Young's modulus because of the carbon-carbon sp 2 bonding. The density of CNTs is only one-sixth of steel, but the tensile strength is estimated at tens of GPa, which is 100 times higher than that of steel [26] . Young's modulus of CNTs is around 1 TPa and the fracture strain is as high as 280%; for comparison, Young's modulus of high strength steel is around 200 GPa and the fracture strain is less than 30%. Although the tensile strength of CNTs with the ideal structure can reach 800 GPa, weak shear interactions between adjacent tubes lead to significant reductions in the effective tensile strength of MWCNTs [27, 28] .
Number of Walls, Diameter, and Length.
MWCNTs consist of up to several tens of graphitic shells, and they have diameters of 2-100 nm and lengths ranging from tens of nanometers to several microns. The length of MWCNTs is particularly important for multiscale hybrid composites, since they are expected to improve mechanical properties. Delmas et al. [29] reported the growth of well-aligned and long MWCNTs, and tube length could easily be tuned between 100 and 350 m. Recently, the final growth length of MWCNTs was found to be about 10 mm, and the growth length of the arrays increased linearly with the increase of growth time followed by an abrupt termination [30] . However, the millimeter long MWCNTs arrays represented a significant advance in the development of multiscale composite properties [31, 32] .
The density of MWCNTs changes along with the diameter, number of walls, and the length. Therefore, both the weight and density of MWCNTs vary over a very wide range depending on the number of walls, inner diameter, or outer diameter. Kim et al. [33] have reported that the measured density of MWCNTs is equal to 1.74 ± 0.16 (outer diameter about 22 nm). Laurent et al. [34] established the relations between the weight and the density of CNTs and their geometrical characteristics (inner diameter, outer diameter, and number of walls), which were useful to other researchers. A MWCNT consists of concentrically nested cylinders with an interlayer spacing of 3.4Å and a diameter typically on the order of 10-20 nm [35] . The wall count in MWCNT basically depends on their size. Chiodarelli et al. [36] proposed an empirical law correlating the average number of walls and the average diameter in a population of MWCNTs grown by catalytic chemical vapor deposition. Based on this approach, it is easy to estimate the number of walls most likely present in a population of nanotubes only from the measurement of their average diameter.
Specific Surface Area.
Owing to its particular structure, a CNT has a very large SSA (specific surface area) as high as 790 m 2 /g, and high SSA can remarkably enhance the activity of CNTs [37] . The theoretical SSA of MWCNTs mainly depended on the diameter and number of walls; moreover, the SSA of CNTs bundle decreases when the number of CNTs is increasing. However, most of MWCNTs have much lower surface area than the theoretical value. Peigney et al. calculated the theoretical external SSA of Advances in Materials Science and Engineering
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MWCNTs as a function of their characteristics (e.g., diameter, number of walls, and number of nanotubes in a bundle), and SAA measurements can be efficiently used to optimize the synthesis of CNTs [38] .
Defects and Cutting.
Although a lot of methods have been used for preparation of CNTs, defects inevitably exist on the surface of CNTs. The appearance of these defects leads to the decrease in mechanical properties of CNTs and thus affects the performance of the nanocomposite. Most attempts have concentrated on the role of defects in limiting peak strengths and the Stone-Wales (SW) defect [39] . The aggregations of SW defects could be followed by a ringopening mechanism that would permit the nucleation of a crack [40] . It was observed that the defect produced stress and strain concentration effects in the vicinity of the defect due to changes in the geometric configuration and concomitant force fields. The local stiffness dropped by around 40 percent in the defected region, and this decrease could be attributed to the changes in the kinetics and kinematics in the vicinity of the defects [41] . This explains why the fracture strain of CNTs obtained by molecular dynamics (10%-13%) is much higher than the experimental results (13%) [42] . Moreover, vacancy fraction, eccentricity, orientation, and interaction of defects are also found to be the key parameters influencing the stiffness degradation [43, 44] . Mielke et al. [45] explored the role that vacancy defects in the fracture of CNTs and one-and two-atom vacancy defects were observed to reduce failure stresses by as much as 26% and markedly reduce failure strains; moreover, large holes greatly reduced strength.
The aggregation of long MWCNTs in the matrix is a critical behavior affecting the mechanical performance of composites. Generally, better dispersion of MWCNTs in matrix can be achieved by cutting of long MWCNTs [46] . Adopting this method, MWCNTs can be greatly reduced in length and disentangled, being straighter with open ends [47] . There have been three methods of cutting MWCNTs, including physical methods (ball grinding and ultrasonic degradation), chemical methods (liquid-phase oxidation and solid-phase oxidation), and combined methods (electronic induction cutting, ball grinding, and liquid-phase oxidation of cutting method and multistep control method) [48] [49] [50] [51] [52] .
Electrical Properties.
CNTs can be classified into metallic and semiconducting types based on different electronic properties. Because CNTs are rolled-up sheets of graphite, electricity experiment shows that they have very little resistance. Therefore, it is an ideal material for the electrodes of double electric layer capacitors due to its lightweight, large effective specific surface area, and high conductivity. For example, researchers have applied the feature of CNTs such as large specific surface area and excellent conductivity into the field of electrochemistry and produced a lot of electrochemical sensors, super capacitors, and so on [53] . MWCNTs composed of carbon atoms can be considered approximately as one-dimensional systems with nanostructures; moreover, MWCNTs can pass a very high current density from 10 6 to 2.4 × 10 8 A/cm 2 without adverse effects [54, 55] . The intrinsic mobility can exceed 10 5 cm 2 V −1 s −1 at room temperature, which is greater than any other known semiconductors [56] .
Dispersion of MWCNTs
MWCNTs have an extremely high specific surface area up to 200 m 2 /g, and they are prone to reunite and form MWCNT bundle structures because of their high surface energy. Dispersion of MWCNTs in cementitious materials is a critical issue, which strongly influences the performance of cement-based nanocomposites [57, 58] . If the initial bundles are not separated into single roots, then these MWCNTs aggregations may emerge later as matrix defects in the composites. In addition, it has been proved that the conventional concrete mixers cannot be used to disperse MWCNTs into cement paste directly [59] . To improve the dispersivity, MWCNTs are usually dispersed into water firstly, and then MWCNTs/water solution and cement particles are mixed using a conventional mixer. Currently, physical modification and chemical modification are two main methods commonly used for the dispersion of MWCNTs in water.
Physical Methods.
Uniform dispersion is attainable using various types of mechanical methods, including ultrasonication, ball milling, and rubbing [60] . A 120-litre-capacity basket mill filled with 0.8 mm zirconium oxide beads was operated at 900 rpm to disperse 3.0 wt% MWNT for 7 h, and the dispersion of MWNTs was achieved in the form of condensed solution [61] . It was also observed that MWCNTs were damaged in different ways during ball milling, and a large amount of amorphous carbon was created [62] . Compared with the ball milling method, the rubbing process that introduces cuts and bends in MWCNTs is more destructive.
Ultrasonication is another classic physical debundling method for MWCNTs dispersion [63, 64] . Liquid particles vibrate and produce small cavities when the ultrasonic wave transmits through liquid. Rapid swelling and closing of these small cavities result in liquid particles dashing against each other violently with pressures of tens of thousands of atmospheres produced at microscopic scales. Carbon nanotube bundles are gradually dispersed with such cavitation. In order to make MWCNTs disperse better in the water, ultrasonication process may take a few minutes or even hours [65, 66] . Bryan et al. used a liquid processor ultrasonic mixer (Vibra-Cell, model VC-505) to disperse the MWCNTs which were sonicated for 30 min. Figure 2 shows the TEM image of CNTs after dispersion which indicate that ultrasonic can debond MWCNTs [67, 68] . Constant ultrasonication energy is usually applied to disperse MWCNTs by using high intensity ultrasonic processor [69] . Metaxa et al. studied the effect of different ultrasonication energies (2100, 2800, and 3500 kJ/L) on the strength of the nanocomposite and found that 2800 kJ/L was the best choice [70] . In another study, the sonicator was operated at amplitude of 50% so as to deliver energy of 1900-2100 J/min at cycles of 20 s in order to prevent overheating of the suspensions [71, 72] . However, low ultrasonic energies cannot ensure homogeneous distribution of MWCNTs whereas high-energy input shortens the length of MWCNTs, as shown in Figure 3 . Therefore, the duration and power of sonication must be strictly controlled, in order to avoid physical damage and fracture of the MWCNTs. In addition, since MWCNTs will reagglomerate due to the van der Waals forces over time, centrifuge is employed to solve this problem. The high-speed rotation yields strong forces which accelerate the settling of MWCNTs at the bottom of the container, and the upper fraction of the fluid contains welldispersed MWCNTs [73, 74] .
Chemical Methods. Surface chemical modification technology of
MWCNTs is an important way to influence the interaction between the tubes and the surroundings, and these methods improve the hydrophilic behavior of MWCNTs while reducing their tendency to form agglomerates [24] . One of the common methods is acid treatment that is used to oxidize MWCNTs and produce carboxylic acid and hydroxyl groups. In a study by Li et al., MWCNTs were added into the mixed solution of sulfuric acid and nitric acid (3 : 1 by volume, resp.), and the FT-IR spectrum result indicated the treatment by strong oxidizing acid which caused the attachment of oxygen-containing groups to the surfaces of MWCNTs [66] . Polycarboxylate, which is commonly used as water reducer within concrete, is also found to be an effective dispersant of MWCNTs [75, 76] , and it can disperse the MWCNTs to a uniformly black opaque solution that remained unchanged when observed at 9 days [77] . Besides acid treatment, various surfactants are also employed to obtain a proper dispersion of MWCNTs in water and subsequently within cement, such as gum arabic (GA), sodium deoxycholate (NaDC), sodium dodecyl benzene sulfonate (SDBS), triton X-100 (TX10), and cetyl trimethyl ammonium bromide (CTAB) [65, 74, [78] [79] [80] . Luo et al. used five surfactants to enhance solubilization/dispersion of MWCNTs in aqueous solution and cement matrix, and the results showed that the capability of superficial active agents (SAAs) in dispersing MWCNTs roughly decreases in the order as SDBS&TX10, SDBS, NaDC&TX10, NaDC, AG, TX10, and CTAB [78] .
Researchers used chemical vapor deposition method and microwave irradiating conductive polymers method to make MWCNTs and cement admixture a whole by in situ growing MWCNTs on the cement admixture particles [81] [82] [83] . Ludvig et al. employed CVD method to grow CNTs on the cement clicker, and the results showed that the clinkerCNTs composite contained high purity MWCNTs and a CNTs yield of 4.03% in mass of particles-CNTs composite was obtained [84] . However, further research is needed to understand the influences of CNTs-grown cement particles on the hydration, mechanical performance, and modification mechanism of composites [85] . Generally, the dispersion of MWCNTs in cement-based material is still a critical issue, and it is necessary to find an easy, large-scale, and low energy method to distribute MWCNTs in cement. Currently, the combination of ultrasonication and surface modification of MWCNTs appears as the most promising method.
Effect of CNTs on Cement-Based Material
The size of Portland cement particles is usually between 7 and 200 micrometers, and calcium silicate hydrate (C-S-H) is the main hydration product of Portland cement that is responsible for its mechanical properties [86] . Hydration products include amorphous crystals and crystal water from nanometer to micrometer scale, and 70% of the products from the hydration of C-S-H gel particles are nanomaterials [87] . C-S-H gels are a kind of colloidal material which are held together mainly by van der Waals' forces, and the mechanical properties of cement are affected by microand nanoscale properties of C-S-H gels [88, 89] . Therefore, MWCNTs can be used effectively to control concrete properties, performance, and degradation processes for a superior concrete and to provide the material with new functions [10, 90] . The following summarizes the effects of the addition of MWCNTs to cement.
Mechanical Properties. Mechanical properties of
MWCNTs-reinforced cement composites are influenced by length, proportion, and dispersion method of MWCNTs. Table 2 summarizes different method and proportion used for MWCNTs dispersion in cementitious matrix and resulting improvement in strength. At present, most researchers take MWCNTs-reinforced cement paste as object of study for two major reasons: first, MWCNTs have favorable dispersibility in the matrix of cement paste with high-speed stirring and second, compared with the concrete and mortar matrix, the porosity of cement paste is lower which is advantageous in studying the enhancement mechanism of MWCNTs. As seen from Table 2 , cement paste matrix tends to highlight the enhancement effect of MWCNTs.
Concerning different kinds of dispersion method and the length of MWCNTs, there is an optimal value for proportion of MWCNTs in composites. In the early studies, high content of CNTs powder (2 wt%) was added to cement particles and dispersed by sonication in isopropanol. Although microstructure photographs reveal that CNTs can affect early-age hydration and hydration products are connected by CNTs, high amount of CNTs lead to aggregation and decrease the mechanic strength of the cementitious composites [91] . Moreover, Chaipanich et al. [92] MWCNTs on the mechanical properties of composite, and the compressive strength of mortars with 1 wt% MWCNTs addition at 28 days became very close to that of the control. Agglomerates and bundles of MWCNTs lead to the formation of many defect sites in the nanocomposite [93] . Therefore, both the appropriate dispersion method and proportion of MWCNTs are very important. By using centrifugation, MWCNTs have better dispersing ability and stability [70, 73, 94] , and the flexural and compressive strength can be improved by 40% and 15%, respectively, with only 0.1 wt% addition [73] . By adopting highly efficient surfactant, the flexural strength can even be increased by 71% [79] . KonstaGdoutos et al. studied the effect of different lengths (10-30 m, 10-100 m) and different mixing amounts (0.048 wt%, 0.08 wt%) of MWCNTs on the flexural strength of cement composites [71, 72] . As shown in Figure 4 , MWCNTs appear poorly dispersed in cement paste without the use of surfactant. Figure 5(a) shows the effect of different types (short and long) of MWCNTs and concentration on the flexural strength, and the flexural strength increased by 25% with 0.08 wt% of short MWCNTs. Compared to short MWCNTs, longer MWCNTs achieve the same level of mechanical performance at lower concentrations. Similarly, Abu Al-Rub et al. investigated the effect of different concentrations of long MWCNTs (aspect ratios: 1250-3750) and short MWCNTs (aspect ratio: 157) in cement paste, and results show that low concentrations of well-dispersed MWCNTs lead to the largest enhancement [95] . However, the longer the MWCNTs are, the more difficult it is to disperse them.
Functional groups on the MWCNTs, such as carboxylic groups (-COOH) and hydroxyl groups (-OH), affect the mechanical behavior of cement composite. Presently, studies have shown that MWCNTs treated by H 2 SO 4 /HNO 3 mixture solution lead to the formation of -COOH groups [96, 97] , and the reaction scheme between carboxylated nanotube and hydrated production is shown in Figure 6 . MWCNTs optimize the pore size distribution and enhance both the compressive and flexural strengths. Moreover, the treated MWCNTs are tightly coated with C-S-H gels [66] . Another study by Habermehl-Cwirzen et al. indicated that stable and homogeneous water dispersions of MWCNTs can be obtained by using MWCNT-COOHs and the highest increase in the compressive strength is nearly 50% in cement paste incorporating only 0.045% of MWCNTs [80] . Musso et al. analyzed three different kinds of MWCNTs: pristine (asgrown), annealed, and carboxyl functionalized. The compressive strength of composites was increased by 10-20% with as-grown and annealed MWCNTs, while functionalized MWCNTs induced deterioration in the mechanical properties [75] . These results indicate that there is a chemical reaction between the MWCNT-COOHs and the C-S-H gels, which improves the load transfer between MWCNTs and cementitious matrix. It should be noted that functionalized MWCNTs could absorb water due to their hydrophilic nature. The cement paste containing carboxyl functionalized MWCNTs leads to formation of lower amount of tobermorite gel and significantly decreases the strength [75] . However, surface functionalization should be used carefully, and further research is needed to obtain more stably and uniformly MWCNTs dispersion to enhance the bond strength between MWCNTs and cement hydration products.
Young's Modulus and Porosity.
Young's modulus is a measure of the stiffness of an elastic material and is a quantity used to characterize materials [22, 98] . The space in C-S-H is called "gel porosity," and previous studies show that the additional MWCNTs can fill in the pores and lead to a denser matrix. By applying nanoindentation test, Konsta-Gdoutos et al. investigated Young's modulus of 28-day cement paste (w/c = 0.3) and cement paste reinforced with 0.025 wt% long, 0.048 wt% long, and 0.08 wt% short MWCNTs, as shown in Figures 5(b) and 7 [71, 72] . Cement paste reinforced with MWCNTs exhibits higher Young's modulus than plain sample in all cases, and the amount of high stiffness C-S-H is increased by the incorporation of MWCNTs. It can be deduced that MWCNTs are effective in filling the areas [165] in C-S-H [24, 99] . Recently, three-point flexural bending tests were performed to evaluate Young's modulus of the cement/CNTs composites at ages of 7, 14, and 28 days, and Young's modulus increased as the short-MWCNTs' concentration is increasing; moreover, low concentrations of longMWCNTs could lead to a much higher increase in Young's modulus as compared to higher concentrations of short MWCNTs [95] . Mercury intrusion porosimetry (MIP) has been widely used to characterize the distribution of pore size in cementbased materials and determine the quality of concrete material [100, 101] . Pores can be classified into two groups depending on size distribution: macropores ( ≥ 50nm) and mesopores ( < 50 nm). The pore size tends to reduce with increasing MWCNTs content, with the number of pores larger than 50 nm reducing significantly [73] . Another study also revealed that the total porosity of the mixes with MWCNTs is found to decrease with increasing CNTs content, as shown in Figure 8 . Moreover, the addition of MWCNTs at 1 wt% was found to result in the lowest total intruded volume (0.1422 cm 3 /g) compared to the plain cement paste (0.1717 cm 3 /g) [102] . According to Li et al., when containing 0.5% CNTs, PCNT (cement mortar containing treated CNTs) has a total porosity of 10.8%, about 64% lower than that of Advances in Materials Science and Engineering PCC (control Portland cement composites); moreover, the pores with a size ≥ 50 nm in PCNT are 1.47%, about 82% lower than that of PCC [66] .
Enhancement Mechanism.
CNTs are expected to resolve the brittleness problem when they are added into the composites [103] [104] [105] [106] . The features of fracture mechanics of ceramic-matrix composites are similar to those of the cement-based material that provided new insight into the fracture mechanisms for MWCNTs-cement composites. Earlier studies have found that the bending strength and fracture toughness of the SiC ceramic are increased by the introduction of CNTs [107] [108] [109] , and three hallmarks of toughening are found in micron-scale fiber composites: crack deflection at the CNT-matrix interface, crack bridging by CNTs, and CNT pullout on the fracture surfaces [110, 111] . For CNTs-cement composites, the enhancement of mechanical properties achieved has been found to be much higher than that predicted using theoretical equations [72] . Here, we will discuss the related mechanism from the following aspects. The first aspect is the network structure of MWCNTs in the matrix. Compared with short MWCNTs, long MWCNTs can provide the similar mechanical properties even at very low concentrations due to network effect. If MWCNTs are uniformly distributed in the matrix, MWCNTs will form an intertwined mesh distribution and the hydration products will be connected as a whole [112] , as shown in Figure 9 . The formation of homogeneous network of MWCNTs fillers throughout the matrix is one of the most important factors to improve the macroperformances of the composite [78] .
The second aspect is the nucleation effect of MWCNTs. MWCNTs can act as nuclei for cement hydration due to their high surface energy, and the hydration products of cement are attracted to grow around the MWCNTs. So the existence of the MWCNTs affects the chemical reaction of the hydrated cement, which improve the cement matrix by increasing the amount of high stiffness C-S-H [72] . Moreover, the addition of MWCNTs fills the voids between the larger cement particles and decreases the porosity of cement composites. In particular, MWCNTs refine the pore size distribution by reducing the amount of harmful pores that is defined as pore sizes greater than 50 nm in diameter. It is also observed that even when MWCNTs are poorly dispersed, they can also prevent the formation of shrinkage cracks and improve the mechanical performance [68] .
Finally, crack bridging of MWCNTs is the main reason for the enhancement of cement matrix toughness. Similarly, uniformly dispersed MWCNTs contribute to effectively and homogeneously dissipating the fracture energy by crack deflection and frictional pullout from the alumina ceramic [113, 114] . Pullout of inner wall from outer walls of the fractured MWCNTs showed contribution of even inner walls to carrying the load. Pullout tests reveal that the MWCNTs, rather than pulling out from the alumina matrix, broke in the outer shells and then the inner core is pulled away, leaving fragments of the outer shells in the matrix [115] . The TEM images (Figure 10(a) ) show clear embedment of MWCNTs within the cement hydration products and bridging of neighboring hydration products by long MWCNTs [95] . The tensile strength of MWCNTs is much higher than that of cement matrix. Therefore, MWCNTs will be pulled out inevitably when a crack develops to a certain degree.
Interfacial sliding also plays a key role in determining the strength and toughness of brittle composites [116] [117] [118] [119] . If the load bearing ability of MWCNTs is possibly reduced during the processing, the MWCNTs will act as a defect and thus lower the mechanical properties even if they are uniformly dispersed within the matrix with intimate interfaces [120] . Figure 10 : The microcrack bridging (a) [76] and breakage (b) [73] of the MWCNTs in the cement paste.
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According to a study by Wang et al. [121] , pullout of MWCNTs at interfaces was efficient in transferring the load from the mullite matrix to nanotubes. Furthermore, Pavia and Curtin [117] studied the interface behavior during nanotube pullout by using molecular dynamics models. The effective friction stresses were quite high for interstitial areal densities of 0.72-2.18 nm −2 , and "friction-like" behavior could emerge from nonsmooth interfaces. However, understanding the reinforcing ability of MWCNTs embedded in the ceramic matrix would greatly help to study the mechanism of MWCNTs in a cement material. MWCNTs with higher aspect ratios are more effective reinforcements if well dispersed. As shown in Figure 10 (b), a CNT slips in the cement matrix and the groove can be seen clearly. The interaction leads to a strong covalent force on the interface between the reinforcement and matrix in the composites and therefore increases the load-transfer efficiency from cement matrix to MWCNTs [122] .
Piezoresistive Properties
The special semiconductive electrical and metallic properties of MWCNTs are much different from those of traditional fiber, and these excellent properties represent a potential for investigating the piezoresistive properties of MWCNTscement composite [123, 124] . Li et al. developed piezoresistive MWCNTs-cement composites and measured the piezoresistivity of these composites under uniaxial compression [125] . According to Yu and Kwon, the electrical resistance of the MWCNTs-cement composite changed with the compressive stress level, which indicated the possibility of using the MWCNTs-cement composite as a stress sensor for civil structures [126] . Han et al. investigated the effect of water content on the piezoresistivity of MWNTs-cement composites, and experimental results indicated that the piezoresistive sensitivities of MWNTs-cement composites with 0.1, 3.3, 7.6, and 9.9% of water content were 0.60, 0.73, 0.34, and 0.06 kΩ/MPa, respectively [127] . They also investigated the effects of MWCNTs concentration level on the piezoresistivity of MWCNTscement composites. The results showed that the piezoresistive sensitivities of MWCNTs-cement composites with 0.05, 0.1, and 1.0 wt% of MWNTs first increase and then decrease with the increase of CNT concentration levels [128] .
Large-Scale Production
MWCNTs have built broad interest in most areas of engineering, and chemical vapor deposition (CVD) has been widely used to synthesize MWCNTs because of the flexible control of reaction parameters [129, 130] . However, a wide compatibility and a high rate of performance to price are key determining factors in whether or not MWCNTs will be used. In order to achieve low cost and mass production of MWCNTs, several methods have been reported, and the improvements in manufacturing MWCNTs have also been matched by significant price reductions. Qiu et al. [131] reported that the synthesis of MWCNTs could be produced by one-step annealing of polyacrylonitrile microspheres (PANMSs) at low temperature (1000 ∘ C). This method can produce MWCNTs in large-scale quantity because PANMSs can be prepared in large-scale quantity at low cost production. In another study, MWCNTs were effectively synthesized by arc discharge process with iron as a catalyst and sulfur as a promoter, and this approach presented an effective, low-cost synthesis of MWCNTs using low-pressure flowing air as buffer gas [132] . Although many problems about industrialization of CNTs need to be solved, the development of synthesis routes for the large-scale mass production of MWCNTs is highly desirable.
Toxicity and Environmental Impact
The peculiar toxicity associated with nanomaterials that are different from bulk materials of the same chemical composition has been a concern [133] . In particular, MWCNTs with a high aspect ratio have also attracted notoriety for their possible environmental and health effects [134] . As colloids in water, MWCNTs can be easily transported to virtually anywhere on the earth. When the surface properties of MWCNTs change, their ability to bind heavy metals increases. Experimental results indicated that MWCNTs settle more rapidly than carbon black and activate carbon particles, suggesting sediment as the ultimate repository. The presence of functional groups slows the settling of MWCNTs, especially in combination with natural organic matter [135] . Schierz and Zänker studied the behavior of MWCNTs as potential carriers of pollutants in the case of accidental MWCNT release to the environment, and results showed that transport of heavy metals (uranium) bound to MWCNTs through natural aquatic systems and even into biological systems is at least conceivable [136] . Thus, understanding the fate of CNTs in the natural environment is very important to humans [137] .
After 2008, the number of reports on the toxicity of MWCNTs increased, as they were industrially useful. However, the toxicity of MWCNTs is a very complicated issue, and the variation in shape, dimensions, and surface conditions of MWCNTs affects their effect on the cells. Some studies have shown that purified and surface oxidized MWCNTs with acid treatment suppress cell viability, and MWCNTs with smaller diameters show less cytotoxicity [138] [139] [140] . Many studies also found that MWCNTs have toxicity similar to or higher than asbestos because of their similarity in shapes [141, 142] . Poland et al. [143] reported the effect of fiber length on toxicity, and the results indicated that long MWCNTs and amosite induce inflammation and granulomas in the abdominal cavity. Although further research is required, the available data suggest that, under certain conditions, MWCNTs can pose a serious risk to human health [144] . Therefore, people should avoid direct contact with CNTs during processing, and it is essential for proper development of regulations for the use of CNTs.
Summary and Conclusion
With excellent properties, MWCNTs have enormous development potentials in the field of construction. In this review, the literatures on MWCNTs reinforced cement composites are comprehensively reviewed, and the effects of MWCNTs on the cement-based material were summarized.
The extraordinary strength, Young's modulus, and unique chemical properties of MWCNTs have stimulated extensive research activities across the world since their discovery. MWCNTs composite systems are being investigated in the fields of metal, polymer, and ceramic, so MWCNTs can play a significant role in improving the strength, fracture toughness, Young's modulus, and porosity of cementitious materials.
Dispersion of MWCNTs into cementitious composites is a major issue. MWCNTs are prone to reunite and form MWCNT bundle structures because of high surface energy. Although various dispersing methods are in action, the combination of ultrasonication and surface modification of MWCNTs appears as the most promising method. The dispersion mechanism of MWCNTs still needs to be studied in further researches.
MWCNTs affect the hydration process of cement by providing attachment sites for the C-S-H gels which acts as filler resulting in a higher strength and denser microstructure of matrix. The strengths are found to be increased with the inclusion of MWCNTs, and they are influenced by the type, length, and concentration of MWCNTs. In addition, good interaction between MWCNTs and the cement hydration productions has been observed. Debonding and crack bridging of MWCNTs are the main reason for the enhancement of matrix toughness.
